A study was conducted to examine the method of delivery of a solution containing cellulases and xylanases on the digestion of a forage-based diet. Five ruminally cannulated beef steers (536 kg BW) were randomly assigned to a control (CON) or one of four enzyme treatments in a 5 × 5 Latin square experiment. Steers were fed a 70:30 (DM basis) grass hay:barley diet. Enzyme-treated rations contained a solution of fibrolytic enzymes at the rate of 1.65 mL/kg of forage DM. Enzyme application treatments were 1 )
Introduction
Fibrolytic enzymes isolated from fungal cultures have been shown to benefit fermentation during ensiling of some forage crops. These enzymes effectively hydrolyze structural carbohydrates (McHan, 1986; Stokes, 1992) and yield more substrate for lactic acid-producing microorganisms (Stokes, 1992) . Increased lactic acid production creates a greater decline in silage pH for enzyme-treated than for untreated forages (Nakashima et al., 1988; Van Vuuren et al., 1989; Spoelstra et al., 1992) , thus resulting in more aerobically stable silage. The fibrolytic action of these enzyme preparations on ensiled forages has also produced improvements in digestibility when fed to cattle (Stokes, 1992) and sheep (Fredeen and McQueen, 1993) .
Effects of enzymes applied to forages immediately before in vitro incubation have been studied. Results have shown that direct application of enzyme preparations can improve in vitro DM and NDF degradation Feng et al., 1996) , indicating that fibrolytic enzymes applied at feeding (direct-fed) may be effective in enhancing in vivo digestion of forage. Adding fibrolytic enzymes to grass hay before feeding beef steers increased DM intake, particulate passage rate, and DM, NDF, and ADF digestibility (Feng et al., 1996) .
Forages are consumed by ruminants in a variety of situations, ranging from grazing forages to consumption of processed forage as a component of total mixed diets. Therefore, evaluation of a variety of methods to deliver exogenous enzyme preparations to effectively treat forage is warranted. Requirements for direct contact of fungally derived enzyme preparations with forages before ingestion has not been evaluated. The objective of this study was to examine the effects of various feeding methods of a fibrolytic enzyme solution, containing cellulases and xylanases, on digestive characteristics in beef steers fed a grass hay-based diet.
Materials and Methods
Five mature crossbred beef steers (536 kg average initial BW), each fitted with a 10-cm ruminal cannula, were used in a 5 × 5 Latin square design to study the effect of fibrolytic enzyme application method on digestion of a 70% grass hay diet. Steers were allotted to the following treatments: 1 ) control, water applied to forage 0 h before feeding ( CON) ; 2 ) enzyme applied to forage 24 h before feeding ( F-24) ; 3 ) enzyme applied to forage 0 h before feeding ( F-0) ; 4 ) enzyme applied to barley 0 h before feeding ( B-0) ; and 5 ) enzyme infused ruminally 2 h after feeding ( RI) . Steers on enzyme treatments received a commercial enzyme preparation (Grasszyme ® , FinnFeeds International, Marlborough, Wiltshire, U.K.) that was fed at the rate of 1.65 mL/kg of forage DM. Enzyme activities were cellulase at 23,300 units of hydroxyethyl cellulase/mL, xylanase at 5,800 IU/mL, cellobiase at 55 IU/mL, and glucose oxidase at 83 IU /mL. Experimental diets were 70:30 grass hay:barley (DM basis) with forage and concentrate fed separately. The hay was a mixture of full-maturity smooth brome and orchardgrass that was separated from large round bales and fed long. The barley was dry-rolled. Each period was 18 d consisting of 7 d of diet adaptation, 5 d of intake measurement, and 6 d of sample collection. Steers were housed in individual pens (15.5 × 4.5 m ) and were provided water and a trace-mineralized salt supplement (NaCl, 97.0%; Zn, .35%; Mn, .28%; Fe, .175%; Cu, .035%; I, .007%; Co, .007%) offered free choice throughout the trial. Body weight measurements were taken at the beginning of the trial and at the end of each period.
Steers were fed at 0700 each day. Water was applied on the CON treatment grass hay with a hand sprayer at an approximate rate of 40 mL/kg of forage DM. Enzyme treatments received the daily prescribed enzyme volumes (diluted with tap water) at the same liquid application rate as for the CON treatment. Forage treatments (F-24 and F-0) received the enzyme solution applied to the grass hay with a hand sprayer. A weighed amount of forage was spread on a plastic sheet and stirred simultaneously with the spraying of the appropriate amount of enzyme solution to ensure even distribution of the enzyme on the forage. Steers fed the B-0 treatment received the prescribed enzyme solution sprayed on the barley supplement with a hand sprayer. The RI treatment steers received the enzyme solution infused into the rumen with a hose and funnel apparatus at three separate locations throughout the ruminal particulate mat. Feed offered and refused was weighed and recorded daily. Steers were allowed to consume the diets on an ad libitum basis during the adaptation and intake periods. Amount of diet offered during the sample collection period was calculated as 90% of the average DM intake measured during the intake period.
For each period, grass hay bales were core-sampled and barley was grab-sampled and composited across periods for analysis of chemical composition (Table  1) . Hay and barley samples were ground to pass a 1-mm screen in a Wiley mill for determination of DM, CP, ash (AOAC, 1990) , NDF (Van Soest et al., 1991 as modified by Komarek, 1993) , ADF (AOAC, 1990 as modified by Komarek and Sirios, 1993) , acid detergent lignin, and insoluble ash (Goering and Van Soest, 1970) . Hemicellulose was calculated as the difference between NDF and ADF and cellulose was the difference between ADF and the sum of lignin and insoluble ash. Starch content of the samples were determined by a modification of the enzymatic method of Salomonsson et al. (1984) as described by .
On d 1 of the sample collection period, ruminal fluid samples from the mid-dorsal mat were obtained at 0, 4, 8, 12, and 16 h after feeding. A 100-mL ruminal fluid sample was obtained from ruminal digesta by straining the ruminal fluid through four layers of cheesecloth. Ruminal fluid pH was immediately determined with a combination electrode (Orion, Model SA720, Boston, MA). Each sample was acidified with 1 mL of a 50% sulfuric acid solution and frozen until analyzed for VFA by gas chromatography (Erwin et al., 1961 as modified by Leventini et al., 1990) and NH 3 N was determined with an ammonia gas-sensing electrode (Orion, Boston, MA).
Also on d 1 at 4 h postprandial, heat-sealed nylon bags (10 × 20 cm, 50 ± 15 mm pore size) containing grass hay substrate were placed into the rumen of each steer. Grass hay was first ground through a 2-mm screen. Two grass hay substrates were incubated in each steer: 1 ) untreated grass hay and 2 ) grass hay plus enzyme applied at the same level as in the enzyme diets. Enzyme-treated substrate was treated within 6 h of being placed in the rumen. Prescribed enzyme volumes were diluted with distilled water to achieve a ratio of total solution to forage DM similar to that fed. The untreated grass substrate was sampled and ground through a 1-mm screen and analyzed for DM and NDF. Each bag contained 3.5 g (as-fed basis) of each substrate treatment and samples were ruminally incubated in triplicate for 0, 8, 16, 24, 32, 40 , and 96 h. Following removal from the rumen, the bags were rinsed in cold tap water until the rinsates were clear and were placed in a 55°C forced-air oven for 96 h. Bags and residue were then weighed. In situ DM disappearance was calculated as the DM weight loss that had occurred during incuba- tion. Subsequently, random groups of 15 dried bags with residue were placed in a 3-L beaker containing 2 L of NDF solution. Beakers of NDF solution were covered with aluminum pans containing ice that served as condensers. Bags were boiled for 1 h and then rinsed, dried, and weighed. In situ NDF disappearance was calculated as the NDF weight loss that occurred during incubation. In situ rate and extent of DM and NDF disappearance were calculated as described by Varga and Hoover (1983) . Diet digestibility was measured using Cr as an external marker. Steers were fed 3 g of Cr 2 O 3 daily via the supplement for 7 d before fecal sampling. Actual Cr ingested was determined by analysis of the supplement plus Cr 2 O 3 . Particulate passage was determined with hay labeled with Yb. One hundred grams of long hay was labeled by soaking with 100 mL of solution containing 3.89 g of Yb(NO 3 ) 3 ·5H 2 O (1.5 g Yb). The hay was allowed to dry at room temperature for 48 h. The labeled hay was placed in the midruminal mat via the ruminal cannula at 0700 on d 3 of the sample collection period. Fecal samples were obtained at 0, 8, 12, 16, 20, 24, 28, 32, 40, 48, 60, 72, 84 , and 96 h following Yb dosing. Fecal samples were stored at −5°C until analyzed. Samples were dried in a 55°C forced-air oven for 72 h and ground to pass a 1-mm screen. A 50-mg subsample was weighed into clear polyethylene vials for determination of Cr and Yb by neutron activation (Hartnell and Satter, 1979) at the Washington State University Nuclear Radiation Center. Fecal samples ( 0 to 40 h ) and barley and grass hay samples were analyzed for DM, NDF, ADF, and starch for the determination of digestibility with Cr as an external marker (Schneider and Flatt, 1975) . Fecal Yb concentrations were applied to a onecompartment, time-dependent model for determination of particulate passage characteristics (Pond et al., 1988) .
Data were analyzed as a 5 × 5 Latin square design using ANOVA and the GLM procedure (SAS, 1992) . Treatment sum of squares were separated using preplanned contrasts of CON vs enzyme treatments; CON vs F-24 and F-0; B-0 vs F-24 and F-0; and RI vs F-24 and F-0. Contrasted variables were considered to be different when a probability of less than .10 was observed. Ruminal fluid measurements were analyzed as repeated measures (SAS, 1992) . Treatment means for repeated measures were partitioned by hour when there was a linear, quadratic, cubic, or quartic effect ( P < .10) due to treatment using the repeated measures analysis of variance.
Results and Discussion
Intake expressed as grass hay DM, barley DM, total DM, total DM per BW, and NDF were not affected ( P > .10) by treatment (Table 2 ). Daily intake of hay DM ( P = .23), barley DM ( P = .18), total DM ( P = .19), DM per BW ( P = .20), and NDF ( P = .21) tended to be lower for steers receiving RI than F-24 and F-0.
Digestibility of DM, NDF, and ADF were greater ( P < .10) for steers receiving F-24 and F-0 than for CON (Table 2) . Feng et al. (1996) reported improved DM, NDF, and ADF digestibilities when beef steers were direct-fed fibrolytic enzymes at a rate three times that used in this study. Fredeen and McQueen (1993) reported that an alfalfa-timothy forage ensiled with an enzyme preparation fed to sheep increased DM digestibility by 4.9 percentage units. Digestibility of DM ( P = .15), NDF ( P = .13), and ADF ( P = .10) tended to be greater for steers receiving all enzyme treatments than CON, and the digestibilities of DM ( P = .17), NDF ( P = .18), and ADF ( P = .24) tended to be lower in steers receiving the RI treatment than F-24 and F-0. The trends for lower intake and digestibility for RI than F-24 and F-0 suggest that the enzymes were not as efficacious when ruminally infused compared with direct application to the forage. Enzymes may have been digested or the enzyme solution may have remained suspended within the ruminal fluid fraction, thus passing from the rumen before gaining sufficient contact with forage particles for hydrolysis. This passage would be possible because Table 2 . Effect of direct-fed fibrolytic enzymes (Grasszyme ® ) on intake and digestibility in beef steers fed a grass hay-based diet a CON = control, water applied to grass forage at feeding; F-24 = enzyme applied to grass forage 24 h before feeding; F-0 = enzyme applied to grass forage at feeding; B-0 = enzyme applied to barley supplement at feeding; RI = enzyme ruminally infused 2 h after feeding.
b Values are expressed on a DM basis. c Con vs F-0, F-24 ( P < .10). Table 3 . Effect of direct-fed fibrolytic enzymes (Grasszyme ® ) on ruminal fluid characteristics in beef steers fed a grass hay-based diet a CON = control, water applied to grass forage at feeding; F-24 = enzyme applied to grass forage 24 h before feeding; F-0 = enzyme applied to grass forage at feeding; B-0 = enzyme applied to barley supplement at feeding; RI = enzyme ruminally infused 2 h after feeding.
b Values are the average across sample time (0, 4, 8, 12 , and 16 h after feeding) except when a sampling time × treatment interaction was observed.
c Con vs all enzyme treatments ( P < .10). d B-0 vs F-0, F-24 ( P < .10). e Con vs F-0, F-24 ( P < .10). fluids typically pass from the rumen at a faster rate than particulate matter (Owens and Goetsch, 1988) . Starch digestibility was quite extensive and was not affected ( P > .10) by enzyme treatment (Table 2) . Starch of barley origin is known to be extensively digested in the ruminant animal . Of particular interest was the similar starch digestibilities for steers fed the B-0 treatment compared with the other treatments, indicating the enzymes did not improve the digestibility of the barley starch.
Ruminal pH, averaged across all sampling times (no time × treatment interaction, P > .10) was lower ( P < .10) for steers receiving enzyme treatments than for CON (5.97 vs 6.03; Table 3 ). Ruminal pH for B-0 was numerically lowest and tended ( P = .15) to be lower than F-24 and F-0. Ruminal pH was below 6.1 for a minimum of 8 h in a 24-h period (Figure 1 ). Mould and Ørskov (1983) reported that activity of cellulolytic organisms was completely inhibited below a pH of 6.1. Therefore, conditions for fiber digestion in 
Treatments are designated as CON (−), F-24 (···), F-0 (----), B-0 (-··-), and RI (-·-·). Standard errors of the means were .03 (0 h), .08 (4, 12, 16 h), and .05 (8 h).
the current study may have been suboptimal. Although cellulolytic microbial activity is diminished with lower ruminal pH, Sheperd and Kung (1994) found that a cellulase-hemicellulase preparation had an optimum pH for fibrolytic enzyme activity as low as 4.5. Exogenous fibrolytic enzymes therefore may serve to minimize depressions in fiber digestion during periods of low ruminal pH.
Ruminal total VFA concentration was partitioned by hour and analyzed according to the previously described contrasts because there was a sampling time × treatment interaction. Ruminal concentrations of VFA were greater ( P < .10) at 16 h for steers fed enzyme treatments (average 136.5 mM/L) than for CON (104.0 mM/L; Table 3 ). Concentrations of VFA were greater ( P < .10) in steers at 4 and 12 h when enzyme was applied to barley than when enzyme was applied to forage, which may be an effect of improved fermentation of barley rather than grass hay structural carbohydrates. The objective of the B-0 treatment was to deliver enzymes to the forage component of the digesta via a concentrate supplement; however, applied enzymes may have degraded the barley hull. This effect on the hull fraction would be important because barley hulls are of low ruminal degradability (Hepton et al., 1995) . Molar percentage of individual ruminal VFA were not affected ( P > .10) by treatment. Ruminal in vitro fermentation of enzymetreated silages has been shown to increase concentration of specific acids but not total VFA concentration (McHan, 1986) , whereas Feng et al. (1996) reported no effect of direct-fed enzymes on VFA molar percentage or total concentration.
Ruminal NH 3 N concentration was not different ( P > .10) among treatments (Table 3) . Steers fed enzyme treatments tended ( P = .23) to have greater ruminal NH 3 N than CON, whereas it was lower ( P = .19) in steers receiving the B-0 treatment than F-24 and F-0. Ruminal NH 3 N concentrations of 5 mg/dL are considered adequate for maximal microbial growth (Satter and Slyter, 1974) . The levels of NH 3 N observed in this study were marginal to inadequate (< 5 mg/dL for most of the 24-h sampling period). Although many factors affect ruminal NH 3 N concentrations (Owens and Zinn, 1988) , low levels in this study may be attributed to a greater NH 3 N uptake by ruminal microorganisms because the dietary CP concentration (11.5%) would seemingly provide abundant degradable protein.
In situ DM and NDF disappearances, averaged across all dietary treatments, were not different ( P > .10) between untreated and enzyme-treated grass (Table 4) . However, there was greater DM disappearance at 32 ( P < .10), 40, and 96 ( P < .05) h of incubation for enzyme-treated compared with untreated grass substrate. There was also greater NDF disappearance for enzyme-treated than for untreated grass at 32 ( P < .10), 40 ( P < .05), and 96 ( P < .10) h of incubation. We propose that improved DM and NDF disappearances at 32 h of incubation and longer with enzymetreated grass may have resulted from enhanced colonization and digestion of the slowly degradable fiber fraction by ruminal microorganisms. Previous literature was not found to totally support this theory; however, Feng et al. (1996) reported greater DM disappearance between 24 and 48 h of incubation with a nonsignificant increase of 2.2 percentage units at 96 h for enzyme-treated compared with untreated grass substrate. They reported that NDF disappearance was not affected by enzyme treatment beyond 24 h of incubation. Although rate of DM disappearance was not different ( P > .10) between in situ substrates, rate of NDF disappearance was faster ( P < .05) for enzyme-treated than for untreated grass (Table 4) . Faster rate of NDF disappearance in this study is supported by data from Stokes (1987) with enzymetreated grass-legume silage and from Feng et al. (1996) with enzymes applied to dry grass directly before feeding. In situ DM and NDF disappearances of untreated grass substrate did not differ ( P > .10) among treatments (Table 5) . Feng et al. (1996) also reported no effect of direct-fed fibrolytic enzymes on in situ DM and NDF disappearance of an untreated grass hay substrate. Enzyme-treated substrate had lower DM and NDF disappearance at 8 ( P < .01), 16 ( P < .001), 24 ( P < .05), and 32 ( P < .10) h in steers fed enzyme diets compared with CON (Table 6) . These results are consistent with those observed for the CON vs F-24 and F-0 contrast at 8, 16, and 24 h.
There was also numerically less ( P = .16) NDF disappearance at 96 h in enzyme treatments than in CON. These data are difficult to explain because they are contrary to VFA, pH, and total tract digestibility data that indicate enzyme treatments were more fermentable than CON. We propose that application of enzyme to grass substrate before in situ incubation was not equivalent to adding enzyme to the dietary ingredients (grass and barley) before feeding.
In situ DM disappearance of enzyme-treated substrate was greater ( P < .10) at 16 h when steers were fed enzyme-treated barley than enzyme-treated forage (Table 6 ). Although NDF disappearance of enzymetreated substrate was numerically greater ( P = .11) at 16 h, 96 h disappearance was lower ( P < .10) for steers fed enzyme-treated barley than the average of F-24 and F-0. Increased DM disappearance for the short incubation (16 h ) for B-0 compared with forage treatments was consistent with greater total VFA for steers fed B-0 at early times post-feeding ( 4 and 12 h; Table 3 ). These data suggest the possibility that application of enzyme to barley caused a more immediate availability of fermentable carbohydrates in barley, which may have contributed to additional microbial growth and replication after feeding. Incubations of 48 h or less produced greater DM and NDF disappearance without associated improvement in extent of degradation in forages treated with enzymes at ensiling (Choung and Chamberlain, 1992) and directly before feeding (Feng et al., 1996) . Effective degradation of enzyme-treated silages was also shown to be lower than for control silage (Van Vuuren et al., 1989) .
When enzyme-treated grass was incubated, steers on the RI treatment had lower in situ DM disappearance at 8 and 32 h ( P < .10), NDF disappearance at 32 h ( P < .10), and DM and NDF disappearance at 96 h ( P < .05) than the average of F-24 and F-0. Disappearance of DM was numerically lower at 40 h ( P = .17), as was NDF disappearance at 8 ( P = .19) Table 5 . Effect of direct-fed fibrolytic enzymes (Grasszyme ® ) on in situ DM and NDF disappearance of untreated grass hay substrate in beef steers fed a grass hay-based diet a CON = control, water applied to grass forage at feeding; F-24 = enzyme applied to grass forage 24 h before feeding; F-0 = enzyme applied to grass forage at feeding; B-0 = enzyme applied to barley supplement at feeding; RI = enzyme ruminally infused 2 h after feeding.
b Rate of disappearance of potentially degradable substrate. Table 6 . Effect of direct-fed fibrolytic enzymes (Grasszyme ® ) on in situ DM and NDF disappearance of an enzyme-treated grass hay substrate in beef steers fed a grass hay-based diet a CON = control, water applied to grass forage at feeding; F-24 = enzyme applied to grass forage 24 h before feeding; F-0 = enzyme applied to grass forage at feeding; B-0 = enzyme applied to barley supplement at feeding; RI = enzyme ruminally infused 2 h after feeding.
b Rate of disappearance of potentially degradable substrate. c,d,e,f Con vs all enzyme treatments ( P < .10, .05, .01, .001, respectively). g,h,i,j Con vs F-0, F-24 ( P < .10, .05, .01, .001, respectively). k B-0 vs F-0, F-24 (P < .10). l,m RI vs F-0, F-24 ( P < .10, .05, respectively). and 40 ( P = .12) h for the steers receiving the RI treatment compared with F-24 and F-0. This may be an indication that the RI had a ruminal environment with less energy available for microbial growth than F-24 and F-0. This effect may have resulted from passage or degradation of the infused enzymes before they had the opportunity to become associated with and degrade fibrous substrate. In situ DM and NDF disappearance of enzyme-treated grass substrate was consistent with numerically lower total tract DM, NDF, and ADF digestibility for steers that received enzymes ruminally infused. Table 7 . Effect of direct-fed fibrolytic enzymes (Grasszyme ® ) on forage particulate passage in beef steers fed a grass hay-based diet a CON = control, water applied to grass forage at feeding; F-24 = enzyme applied to grass forage 24 h before feeding; F-0 = enzyme applied to grass forage at feeding; B-0 = enzyme applied to barley supplement at feeding; RI = enzyme ruminally infused 2 h after feeding.
b PPR = particulate passage rate, MRT = mean retention time, RRT = ruminal retention time, FTT = forage transit time. c B-0 vs F-0, F-24 ( P < .10). Rates of in situ DM and NDF disappearance of untreated substrate (Table 5 ) and NDF disappearance of enzyme-treated substrate (Table 6 ) were not affected ( P > .10) by treatment. Rate of DM disappearance of enzyme-treated grass substrate was slower ( P < .10) for steers receiving F-24 and F-0 compared with CON (Table 6 ). Also, compared with CON, steers fed an enzyme-treated diet tended ( P = .15) to have a slower rate of DM disappearance of enzyme-treated grass; however, rate of DM disappearance was faster ( P < .10) for B-0 than for F-24 and F-0. The faster rate of DM disappearance with treatment of barley may be a result of additional energy available early in incubation for microbial growth.
Forage transit time was shorter ( P < .10) for B-0 than for F-24 and F-0 (Table 7) . All other comparisons for particulate passage were not different ( P > .10) among treatments. In contrast, Feng et al. (1996) reported that direct-fed fibrolytic enzymes produced faster particulate passage and shorter retention times associated with increased DM intake and digestibility.
Implications
Direct enzyme application to grass hay was generally effective in improving digestion, although results were variable. The reason for the ineffectiveness of ruminal infusion of enzymes is unknown, although it is hypothesized that there was insufficient contact between enzymes and particulate substrate. Delivery of fibrolytic enzymes via the barley supplement shows promise as a practical means of enhancing digestion. It is not known whether improved ruminal fermentation was the result of enzyme specificity for the structural carbohydrate in grass hay or barley. Although these and other results from our laboratory demonstrate that these exogenous enzymes may complement the endogenous fibrolytic enzymes found in the rumen to enhance utilization of fibrous diets, greater activity of the enzymes is necessary to generate a cost-effective response.
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